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Large heterogeneity of O 2 levels has been reported for various in vivo and in vitro systems. Substantial O 2 gradients have been demonstrated in static two-dimensional (2D) cell cultures (9, 10, 30, 44, 60, 78) and various three-dimensional (3D) models, such as multicellular spheroids (hypoxic core and oxygenated shell) (10, 30) , scaffolds and tissue slices (7) . More physiologically relevant O 2 gradients were observed in live animals, e.g., in the microcirculation (36, 66, 69) , between microvessels and brain or bone marrow tissues (55, 75) , between neighboring regions of neocortex upon peripheral sensory stimulation (67) , and in injured tissue during regeneration or reconstruction (43) . O 2 gradients generated experimentally across an engineered vascular construct were shown to facilitate early tissue remodeling (42) .
Concentration gradients drive O 2 diffusion into tissue, individual cells, and mitochondria. Mathematical modeling revealed important parameters contributing to O 2 transport and homeostasis, steady-state oxygenation, and dynamic changes in tissue and intracellular O 2 (iO 2 ) (4, 5, 11, 24, 32, 37) . However, even sophisticated models cannot adequately describe O 2 dynamics in vivo, as they use many assumptions and do not account for all specific parameters and variables, such as cell size, distribution and activity of the mitochondria, nonmitochondrial O 2 consumption, myoglobin content (in muscle tissue), tissue vascularization, and O 2 solubility and diffusion rate in aqueous and lipid phases.
It is generally accepted that the mitochondrial network acts as the main O 2 sink generating a flow of O 2 from the cell periphery toward the mitochondria and forming iO 2 gradients (3). Yet the large discrepancy in experimental and modeling data on mitochondrial O 2 (38 -40, 47, 52, 72) leaves questions about the existence of subcellular O 2 gradients and their roles in cell function, particularly for myocytes, which use myoglobin as a reservoir and immediate source of O 2 (14, 16, 25, 62, 74) . Measurable differences between the surface and core have been reported for actively respiring isolated primary cardiomyocytes (29, 57, 59, 73) and a number of cell lines (20, 40, 61) , but these in vitro data are fragmented and have limited relevance to in vivo conditions, where O 2 supply to the cell is determined by tissue vascularization, rather than oxygenation of the medium. Furthermore, relatively small (ϳ10-m) cells in mammalian tissue are densely packed, and their oxygenation is affected by adjacent cells. Local deoxygenated areas produced by clusters of mitochondria and cells overlap and merge in the multicellular tissue, thus complicating the formation and detection of iO 2 gradients (15, 52) . This problem is augmented by the nonoptimal characteristics of common in vitro and ex vivo cell and tissue models, fast diffusion of O 2 (3.2 ϫ 10 Ϫ3 mm Ϫ2 ·s Ϫ1 in water at 37°C) (26) , and low spatial resolution of traditional analytical techniques (47) .
Recent developments in phosphorescence-based imaging using cell-penetrating O 2 probes have enabled reliable and accurate analysis of cell and tissue oxygenation with high spatial resolution, allowing for detailed 3D reconstruction of iO 2 (47) . Studies of subcellular O 2 gradients can be facilitated by choosing experimental models with the following features: 1) large cell size (e.g., oocytes and syncytial cells), 2) condensed or structurally polarized mitochondrial network (e.g., pancreatic acinar cells), and 3) location at the surface of the tissue (e.g., epithelial cells). In this regard, giant umbrella cells, which reside at the surface of the bladder urothelium exposed to urea and meet the criteria of large size (Ͼ100 m) and functional mitochondria, are particularly attractive (2, 48, 65) . Using whole mouse bladder tissue as a model and the cellpermeable phosphorescent O 2 probe Pt-Glc, we applied confocal live cell phosphorescence lifetime imaging microscopy (PLIM) in time-correlated single photon counting (TCSPC) mode (8) to study 3D O 2 gradients in the umbrella cells at rest and upon metabolic stimulation. Animals. Animal experiments were conducted in compliance with European Union Directive 2010/63/EU and approved by the Animal Experimentation Ethics Committee of University College Cork. C57BL/6OlaHsD male mice (Harlan, UK), aged 10 -12 wk, were used in a whole bladder staining protocol. Animals were housed on a 12:12-h light-dark cycle, and rodent chow and water were given ad libitum.
MATERIALS AND METHODS

Materials
Staining of bladder tissue with probes. For in vivo staining, mice were anesthetized with isoflurane (4% for induction, 1% for maintenance), and then 200 l of 20 M Pt-Glc in Krebs buffer supplemented with 2% BSA were slowly instilled into the bladder through the Angiocath catheter. Anesthetized mice were left on a heated pad for 3 h (catheter was retained inside the bladder to prevent probe leakage) and then euthanized by cervical dislocation. The bladder was harvested, dissected, and stretched using minutien pins on Sylgardcoated 3.5-cm 2 petri dishes, urothelial-layer-up. For ex vivo staining, C57BL/6 mice were euthanized, and bladders were dissected as described above and then incubated with 20 M Pt-Glc in 2 ml of Krebs buffer supplemented with 2% BSA for 3 h at 37°C in a humidified atmosphere containing 5% CO 2. When required, bladder tissue was co-stained with TMRM (a mitochondrial membrane potential indicator, 20 nM), HST (a nuclear stain, 2 g/ml), calcein (a cell viability probe, 1 M), or DiSBAC 2(3) (a plasma membrane potential indicator, 1 M) for 20 min at 37°C. During microscopy, TMRM and DiSBAC 2(3) probes were maintained in solution at 20 nM and 0.25 M, respectively.
After three washes with Krebs buffer, fresh Krebs buffer supplemented with 2 mM L-glutamine (3 ml) was added to the tissue 10 min before microscopy.
Confocal PLIM-TCSPC microscopy. Confocal PLIM imaging was performed as described elsewhere (8) using a custom-built system based on an upright fluorescence microscope (AxioExaminer Z1) with a ϫ20/1.0 W Plan-Apochromat water-immersion objective (Carl Zeiss), a DCS-120 confocal scanner and TCSPC module [Becker and Hickl (B &H), Berlin, Germany], and a R10467U-40 photon-counting detector (Hamamatsu Photonics). Differential interference contrast images were recorded with a digital camera (model D3100, Nikon) connected to the microscope.
Petri dishes with tissue samples were equilibrated for 10 min on a preheated stage; then Pt-Glc was excited with a 405-nm picosecond diode laser (model BDL-SMC, B & H), and emission was collected at 635-675 nm in the PLIM mode using SPCM software (B & H). Imaging of the other probes was performed using a supercontinuum laser (model SC400-4, Fianium, Southampton, UK) and excitation/ emission as follows: 405 nm/420 -460 nm for HST, 488 nm/512-536 nm for calcein green, and 543 nm/575-615 nm for TMRM and DiSBAC 2(3). For 3D reconstructions, confocal images were collected in 10 -20 focal planes with 5-m steps. When required, bladder tissue was treated with activators and inhibitors of respiration, with addition of 150-l aliquots of 20ϫ stock solutions (see RESULTS) .
Phosphorescence lifetime (LT) images were produced by singleexponential fitting of the PLIM-TCSPC data in SPCImage software (B & H). Two-dimensional matrices of the LT data (256 ϫ 256 pixels) for each measurement were extracted to Excel, correlated with the intensity images, and converted to O 2 concentration using the calibration equation for Pt-Glc (see below). Three-dimensional O2 distribution maps were reconstructed using ImageJ and processed in Adobe Photoshop and Illustrator programs.
In situ calibration of the Pt-Glc probe. Bladder tissue was loaded with the Pt-Glc probe, washed in Krebs buffer as described above, and stretched on the surface of a Sylgard-coated 24-well plate (Corning), as described above. Respiration was inhibited by incubation with AntA (10 M) and NaN 3 (0.1%) for 2 h. Then phosphorescence of the Pt-Glc probe in tissue samples was measured continuously at 37°C in time-resolved mode on a Victor 2 reader (PerkinElmer Life Sciences, Waltham, MA) placed in a hypoxia chamber (Coy Laboratory Products, Grass Lake, MI). Two intensity readings at delay times of 30 and 70 s and gate time of 100 s were taken repeatedly using 340-nm excitation and 642-nm emission filters, and signals were converted to LT values as follows: LT ϭ (t 2 Ϫ t1)/ln(F1/F2), where F1 and F2 are the time-resolved fluorescence intensity signals at delay times t1 and t2. LT values were measured continuously at atmospheric O2 levels of 17, 12, 6, 3, 1.5, and ϳ0%, with ϳ0% O2 achieved by addition of sodium sulfite to the sample (8) . From the best fit relating LT and iO2 values, the following calibration equation was obtained: O2 (M) ϭ 10 ϫ e (40. 172 Ϫ LT)/4.789 . Statistical analysis and data presentation. Statistical analysis of the results of three to five independent experiments was performed using the programs SPSS and Excel. P Յ 0.01 was deemed statistically significant. The differences between mean O 2 values before and after AntA treatment were evaluated using a dependent t-test. The differences between mean TMRM intensities in umbrella and intermediate epithelial cells were evaluated using an independent t-test. Associations between Pt-Glc phosphorescence intensity and LT values, TMRM fluorescence intensity, and iO 2 concentrations were evaluated using nonparametric Spearman's rank correlation analysis. Co-localization of low iO 2 and high TMRM intensity areas was analyzed after binning of corresponding values. Regions of interest (10 ϫ 10 pixels) were selected in the corresponding TMRM and iO2 matrices, and average values were calculated and correlated. Confocal images produced by SPCImage software show LT of Pt-Glc as rainbow false colors; the iO 2 scale is in micromoles per liter (M; calculated from corresponding LT values).
RESULTS
Staining of bladder urothelium. Umbrella cells in the bladder urothelium are interconnected with tight junctions and form a low-permeability monolayer, which protects the inner tissue from contact with urine (28) . A direct quantitative measurement of O 2 in bladder tissue has not been attempted. To study overall oxygenation and putative O 2 gradients in the urothe-lium, we stained the bladder tissue with a phosphorescent O 2 probe. After short-term incubation of the whole bladder tissue with Pt-Glc (20 M for 3 h), either in vivo (catheter instillation in an anesthetized animal) or ex vivo (addition to bathing medium), we observed its efficient and stable phosphorescent staining. Most of the stained cells were easily classified as giant umbrella cells by their location on the surface of rugae (folds of bladder mucosa; Fig. 1A ), large size (Ͼ100 m diameter, 15-25 m thick), and specific appearance (irregular hexagonal shape and several nuclei; Fig. 1B) .
On the other hand, Pt-Glc staining of umbrella cells was patchy, rather than uniform, for the whole cell monolayer. Co-staining with fluorescent markers of the cytosol (calcein), plasma membrane [DiSBAC 2 (3)], and nuclei (HST) revealed preserved integrity of the urothelium in most of the tissue samples prepared for the analysis (Fig. 1, B and C) . These results suggest that the incomplete staining of umbrella cells with Pt-Glc was not due to cell shading or damage of the monolayer but, more likely, differences in differentiation or metabolic state of the individual cells, which can affect the efficiency of Pt-Glc translocation across the plasma membrane. Nonetheless, high-phosphorescence-intensity signals (Ͼ10 3 photons per pixel) allowed accurate determination of LT and iO 2 concentration in a majority of the stained umbrella cells (Fig. 2) . Confocal analysis also revealed that umbrella cells hindered the staining of underlying layers of epithelial and muscle cells, thus preventing analysis of O 2 in these layers.
Quantification of O 2 gradients in individual umbrella cells. LT values of the internalized Pt-Glc probe in the layer of respiring umbrella cells normally ranged from 30 to 46 s, which corresponded to iO 2 levels of 85 to 5 M, respectively. This was substantially lower than O 2 levels in the atmosphere (20.9%) or in Krebs buffer (ϳ200 M at the interface with the air) (78) . Analysis of iO 2 distribution in umbrella cells revealed regular patterns (Fig. 2, A-C) . Up to 40% of the cells exhibited uniform and usually high O 2 content (Ͼ40 M), most probably due to their low or delocalized respiratory activity (Fig. 2D) . the cell (Fig. 2B) . These gradients were not linear and could reach a maximum of 1.5 M/m (30 M over a 20-m distance).
Some (5-10%) of the analyzed cells also tended to show iO 2 gradients along the apical-basal axis, which spans ϳ20 m (Fig. 2C) . However, the difference between the apical area and the more deoxygenated cell core (30 -35 M O 2 per 15 m) could not be regarded as significant because of a high interexperimental variability of O 2 values.
Respiration of localized mitochondria in the umbrella cell was proposed as the main gradient-forming factor for our ex vivo model. To correlate the patterns of iO 2 concentration with localization of functional mitochondria, we co-stained the tissue with Pt-Glc and the mitochondrial membrane potential probe TMRM and imaged them sequentially. Visual analysis of iO 2 concentration and mitochondrial density (Fig. 2D ) demonstrated that the areas with low O 2 and high TMRM signals overlapped, but direct pixel-to-pixel comparison of TMRM and O 2 matrices showed insignificant correlation ( ϭ Ϫ0.36 Ϯ 0.08, P Ͼ 0.05, by Spearman's test). We attributed the latter to local movements (wiggling) of mitochondria in the cell during image acquisition (1 and 2 min per 2D frame for TMRM and Pt-Glc, respectively). Therefore, the area-to-area comparison was proposed as an appropriate strategy to analyze co-localization between distinct small cellular compartments (mitochondria) and diffusely distributed solubilized gas (O 2 ). Indeed, assessment of larger regions of the cell (10 ϫ 10 pixels) revealed pronounced O 2 depletion in the areas enriched with polarized mitochondria ( ϭ Ϫ0.65 Ϯ 0.13, P Ͻ 0.05, by Spearman's test).
This result confirms a pivotal role of mitochondria in the development of subcellular O 2 gradients. On the other hand, the local peculiarities of rugae structure and potentially noneven O 2 consumption in the underlying intermediate urothelial cells could also contribute to the formation of iO 2 gradients in umbrella cells.
Changes in iO 2 gradients upon activation and inhibition of mitochondrial respiration. Importantly, iO 2 levels and local gradients in all samples of bladder tissue remained practically unchanged during 1-to 3-h microscopy sessions. In agreement, calcein and DiSBAC 2 (3) staining indicated that the tissue remained alive and functional. This allowed us to examine iO 2 Actively respiring umbrella cells with clearly visible O 2 gradients were selected for analysis. As expected, co-treatment with FCCP (a mitochondrial uncoupler) and EGTA (an activator of mitochondrial Na ϩ /Ca 2ϩ exchange) (80) produced an overall decrease in O 2 levels, shown in Fig. 3, A and B , as a shift-of-frequency histogram, toward longer LT of the Pt-Glc probe. Although the two histograms largely overlapped, the most representative iO 2 values that are close to the mean iO 2 decreased from 9 to 6 M. The radial iO 2 gradient across the cell also decreased from Ͼ40 M to ϳ20 M (Fig. 3C, left and  middle) . A similar reduction in oxygenation and O 2 gradients in umbrella cells was observed upon treatment with bafilomycin A1 (not shown), which also uncouples mitochondria (77) .
Treatment with AntA (an inhibitor of the mitochondrial complex III) caused a major increase in iO 2 over Ͼ80 min (Fig.  3, A and B) . Tissue reoxygenation was limited by slow diffusion of AntA into the tissue (in 2D cultures, AntA rapidly inhibits mitochondria). Progressive elevation of O 2 levels was associated with dissipation of local iO 2 gradients (Fig. 3C) values) also increased due to the hyperbolic dependence between probe LT and O 2 . Indeed, small fluctuations in LT produce substantial changes in the O 2 scale. It is worth noting that physiological O 2 levels in tissue rarely exceed 100 M.
Modeling of O 2 -dependent enzymatic activity inside a single umbrella cell.
We suggested that the local differences in oxygenation should also affect the activity of O 2 -dependent enzymes on subcellular levels. Therefore, knowing the K m for O 2 of a particular oxidase or oxygenase, one can generate 3D maps of their O 2 -dependent activity (with the assumption that other factors regulating this activity are uniformly distributed in the cell). We applied this to human prolyl hydroxylase domain protein 2 (PHD2), which hydroxylates specific proline residues of hypoxia-inducible factor (HIF)-1␣ and HIF-2␣, thus directing them toward proteasomal degradation. In vitro
, we calculated the activity of PHD2 (v) for every pixel inside selected umbrella cells (Fig. 4A) . Thus the theoretically predicted PHD2 activity varied from 2-4% of V max in the hypoxic cell core to 14 -17% on the cell periphery. Since HIF-␣ undergoes rapid hydroxylation and degradation (23) , the probability of nuclear translocation and transactivation of HIFs increases if the cell nucleus is located in the deoxygenated area. Hence, for multinucleated umbrella cells, HIF signaling may not be triggered in some remote nuclei (Fig. 4) .
DISCUSSION
Giant umbrella cells in the bladder urothelium are an attractive model for studying iO 2 gradients by live fluorescence microscopy imaging. These large and flat superficially located cells have extensive contact area with the liquid phase (urine or medium) and with the underlying normal-sized epithelial cells (1a) . Umbrella cells undergo terminal differentiation and ultimately shed into urine, being concomitantly replaced by underlying newcomers. Therefore, it is important to note that, after tissue preparation for imaging, the majority of umbrella cells remained viable and retained specific morphology, as confirmed by calcein and DiSBAC 2 (3) staining (Fig. 1) .
The phosphorescence quenching technique allows direct imaging and quantification of tissue O 2 by confocal PLIM-TCSPC. Recently developed cell-penetrating O 2 -sensitive probes, such as Pt-Glc (8, 79) , have opened the possibility of direct high-resolution O 2 imaging in individual cells in 3D tissue models. Using these tools, we examined O 2 distribution in the uppermost layer of the bladder urothelium, aiming to unambiguously detect and quantify O 2 gradients inside umbrella cells and modulate them experimentally.
For the first time, we demonstrate that large O 2 gradients do exist and can be clearly visualized in individual umbrella cells residing in their native environment in excised bladder tissue. It is important to note that our ex vivo experimental conditions are physiologically more relevant to an in vivo context than previously reported studies on isolated cells (14, 57-59). As we expected, local deoxygenation was associated with mitochondrial activity, as evidenced by the lowest iO 2 levels (5-10 M) in the areas enriched with the mitochondria (Fig. 2D) . With high spatial resolution, we show that the differences in local O 2 levels vary from ϳ0 to Ͼ40 M across the long cell axis (x-y plane), giving radial iO 2 gradients of up to 1.5 M/m in some areas (Fig. 2, A and B Fig. 4 . Theoretically predicted subcellular activity of human PHD2. A: hypothetical O2-dependent hydroxylase activity of PHD2 (right) calculated from the O2 map of 2 umbrella cells with prominent iO2 gradients (left) using previously published data on in vitro activity of recombinant PHD2. For simplicity, the contribution of other factors to PHD2 activity is assumed to be uniform in all cell areas. White arrows show hypoxic core and more oxygenated peripheral areas, in which the nucleus (green circle) can be located. B: measured iO2 (M) and hypothetical PHD2 activity (% of Vmax) in selected perinuclear areas of umbrella cells; red arrows show the nuclei stained with Hoechst 33342. Scale bar ϭ 100 m.
observed reduced oxygenation of the central and basal areas compared with the apical area. However, the magnitude of apical-basal iO 2 gradients was difficult to quantify because of short distances; they were seen only in a small proportion of cells and showed large variability (Fig. 2C) .
In our ex vivo model, O 2 diffuses from the medium to umbrella cells and further to the deeper layers of bladder tissue; in all respiring cells, O 2 is consumed by the mitochondria (Fig.  2D) . O 2 gradients and their dynamics in umbrella cells are regulated by many factors, such as differentiation stage, local mitochondrial density, respiratory activity, media oxygenation, and O 2 consumption by neighboring cells. The gradients can be formed mostly in cells with a dense network of active mitochondria. Accordingly, O 2 is distributed evenly if mitochondria are delocalized or nonfunctional. As expected, reoxygenation of umbrella cells upon treatment with AntA led to a dissipation of O 2 gradients. Interestingly, FCCP-EGTA (Fig. 3) or bafilomycin A treatment also decreased iO 2 gradients, with both peripheral and core O 2 levels approaching zero. In isolated cardiomyocytes perfused with O 2 , uncoupling was shown to augment O 2 gradients (59). However, in our model, umbrella cells reside on the surface of respiring tissue, are surrounded by nonperfused medium (O 2 gradients propagate outside the cell), and do not contain myoglobin, which affects iO 2 dynamics (78) . As a result, in deeply hypoxic cell areas, O 2 cannot decrease much upon uncoupling (it is already close to zero), unlike the more oxygenated peripheral regions. Therefore, O 2 gradients become smaller upon FCCP uncoupling.
Modeling the dynamics of iO 2 gradients in vivo is very challenging. As in other tissues, O 2 supply to urothelial cells depends on local vascularization and blood flow. However, it is unclear whether O 2 diffuses to the bladder urothelium from urine, or vice versa. This question has not been properly addressed, because in vivo oxygenation of bladder tissue has not been studied in detail. O 2 concentration in urine from human bladder ranges from 30 to 100 M and depends on many factors, such as lung ventilation, exercise, and renal blood circulation (17, 35, 71, 76) . In patients with severe kidney pathologies, 6 -9 M urine O 2 levels have been reported (13) . On the basis of these data, a bidirectional O 2 exchange between umbrella cells and urine cannot be ruled out. In this study we did not measure O 2 levels in bladder urine, because in our protocol mice were catheterized under isoflurane anesthesia, which decreases the O 2 supply to the tissues (22) and affects O 2 content in fluids, including urine.
Apart from ex vivo experiments on bladder tissue, further elaboration of physiological roles of iO 2 gradients requires sophisticated biological and mathematical models, measurement setups, and data-processing algorithms. The choice of biological models is particularly important. Extrapolation of the largest O 2 gradients of 40 M observed in giant (100-to 200-m-diameter) umbrella cells to normal-sized (10 -20 m) cells gives a value of 4 M, which is quite at the limit of resolution of current O 2 -imaging systems. Therefore, cell size seems to be the most important parameter for the establishment and experimental investigation of iO 2 gradients.
Efficient in vivo staining of the urothelium with the Pt-Glc probe demonstrated in this work also facilitates investigation of oxygenation and iO 2 gradients directly in the urinary bladder under normal and pathological conditions, such as bladder pain syndrome. Considering the links between tissue oxygenation, inflammation, and hypoxia signaling, functional analysis of iO 2 gradients in a chronic cyclophosphamide model, where mild inflammation is associated with hyperplasia and apoptosis of urothelium, would be of particular interest (19) . Furthermore, with the rapid progress in resolution, sensitivity, penetration depth, and flexibility of microscopy, iO 2 imaging becomes applicable for ex vivo and, potentially, in vivo studies with various tissues. O 2 regulates numerous metabolic and signaling cascades in the cell. By rearrangement of the mitochondrial network and change in respiratory activity, cells may alter O 2 distribution and, thus, modulate O 2 -dependent enzymatic reactions and pathways (e.g., HIF signaling) at subcellular levels (53, 68) . Indeed, cytochrome c oxidase may decrease mitochondrial O 2 to 0.1-0.5 M and continues to operate with a half-maximal activity at these levels (18, 33) , while other O 2 -dependent enzymes in such conditions are strongly inhibited. Knowledge of the local iO 2 levels potentially allows us to generate dynamic 3D activity maps for relevant enzymes within the cell (with certain assumptions and known K m ), such as tyrosine hydroxylase (51), xanthine oxidase (27) , and ␣-ketoglutaratedependent oxygenases (21, 50) . This approach, exemplified in Fig. 4 by the map of theoretically predicted subcellular PHD2 activity, may be particularly attractive for systems biology and hypoxia signaling research (34, 45) . At this stage, modeling of local PHD activity is mostly hypothetical, because our iO 2 maps are generated ex vivo. Moreover, the published K m (O 2 ) values, based on in vitro studies of purified recombinant proteins, vary (6, 12, 21, 63) and do not reflect the actual HIF-␣ hydroxylation inside the cells. Furthermore, slow interaction of PHD2 with O 2 can contribute to HIF-␣ hydroxylation rate (63) . The subcellular PHD2 activity, calculated as percentage of V max , cannot show the level of HIF activation directly. The ratio of PHD2-hydroxylated HIF-␣ to HIF-␣ produced would be more informative, but its calculation requires knowledge of 1) local levels of PHD2 and other PHDs, 2) the maximal rate of HIF-␣ hydroxylation by PHDs, and 3) the rate of HIF-␣ de novo production. Correctly calculated PHD activity may be particularly important for the areas adjacent to nuclei (Fig. 4B) , where the newly produced HIF-␣ subunits can escape hydroxylation and exert transcriptional activity. A study on von HippelLindau protein-deficient RCC4 cells demonstrated that the level of total cellular HIF-1␣ hydroxylation can be high, even in deep hypoxia: at 0.5% atmospheric O 2 , 50% of Pro 402 and 75% of Pro 564 in HIF-1␣ were hydroxylated, and only at 0.1% O 2 hydroxylation was suppressed (64) . It is difficult to apply these data to our model, since local levels of iO 2 and hydroxylated HIF-␣, as well as the contribution of individual PHDs in prolyl hydroxylation in RCC4 cells, were not examined. Further studies using appropriate models are required to clarify whether iO 2 gradients can reliably inform on the localized enzymatic activities and downstream events in the cells.
Although the existence of large O 2 gradients in umbrella cells in vivo is highly possible, their biological significance is unclear. Since the urothelium is mainly responsible for barrier function and signaling in the bladder (1a), the diversity in iO 2 levels may be necessary for local expression and posttranslational modification of proteins involved in the maintenance of the mucosal barrier and sensory functions. Indeed, sustained ischemia has been shown to elevate expression of connexin 26, zona occludens-1, and connexin 43 and vimentin (56) , which regulate the structure and function of the urothelial and suburothelial layers. On the other hand, insufficient blood flow and hypoxia in ischemic or aging bladder lead to increased permeability of the urothelium (31) and disorders such as overactive bladder syndrome (46, 49) . Therefore, the development of iO 2 gradients can be an intrinsic mechanism of hypoxia preconditioning: local decreases in iO 2 , acting via HIF-dependent and -independent pathways, can improve cell adaptation to hypoxia and ameliorate the effects of ischemia. This is supported by the recent data on pulsed dynamics in HIF-1␣ and HIF-2␣ levels, which abrogate cell death by inhibiting transcription of p53-inducible proapoptotic genes (1) . Future research will enable clarification of these hypotheses and elaborate functional roles of iO 2 gradients in the urinary bladder and other physiological models.
